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1
OPTICAL WAVELENGTH SHIFTING

This application 1s the US national phase of international
application PCT/GB01/03394, filed in English on 27 Jul.
2001, which designated the US. PCT/GB01/03394 claims
priority to GB Application No. 00193776.3 filed 7 Aug. 2000.

The entire contents of these applications are incorporated
herein by reference.

This mnvention relates to the field of optical devices. More
particularly, this invention relates to an apparatus and
method for changing the wavelength of light 1n a manner
that can, for example, be useful 1n optical fiber systems.

It 1s known to provide semiconductor diode lasers as
sources of laser light that are robust and mmexpensive. Such
semiconductor diode lasers typically operate using a transi-
tion between the valence and conduction bands within the
semiconductor material. It 1s also known to provide quantum
well semiconductor diode lasers 1n which the semiconductor
material composition 1s carefully varied to yield a desired
band gap 1n a manner that can tune the wavelength of the
laser light produced.

More recently a class of semiconductor lasers have been
developed that are termed quantum cascade lasers. An
example of such a laser 1s described in the paper “Long
wavelength infrared (A=11 um) quantum cascade lasers”, C.
Sirtori, et al. Applied Physics Letters 69 (19), 4 Nov. 1996,
page 2810. These quantum cascade lasers operate using an
intersubband transition within a quantum well structure. The
device 1s arranged such that an electron undergoing a lasing
transition 1 one quantum well can tunnel 1ts way to an
adjacent quantum well where i1t will be energetically at the
correct level to undergo a further lasing transition. This
cascade behavior allows the efliciency of the laser to be
improved.

It 1s known from the paper “Generation of {first-order
terahertz optical sidebands in asymmetric coupled quantum
wells”, C Phillips et al, Applied Physics Letters 75(18), 1
Nov. 1999, page 2728 that a quantum well structure may be
illuminated with light of two different wavelengths and
sidebands 1nduced spaced around one of the incident wave-
lengths. The system used in this experiment employed a
T1:Sapphire laser together with a free electron laser as the
light sources. The size and complexity of these laser sources
precludes their use as a practical way to shift the wavelength
of light from an incident wavelength into a sideband wave-
length.

There 1s a constant need to increase the data transmission
capabilities of communication systems. The adoption of
optical fiber communication systems has markedly
increased available bandwidth. A problem i such optical
fiber communication systems 1s the need to avoid changing
a signal from an optical signal 1nto an electrical signal more
than 1s absolutely necessary. FElectrical signal processing
systems that are capable of keeping pace with an optical
fiber communication systems are diflicult to produce and
expensive as well as representing a bottleneck 1n the trans-
mission capabilities of the system.

A desired manipulation upon optical signals within an
optical fiber communication system 1s wavelength shifting.
Such wavelength shifting facilitates wavelength division
multiplexing that can release more bandwidth from a given
optical fiber link. However, wavelength shifting by receiv-
ing an optical signal and converting it ito an electrical
signal that triggers the production of a further optical signal
at a different wavelength suflfers from the disadvantage of
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2

having to change the signal from an optical form into an
clectrical form and then back mto an optical form as
discussed above.

Viewed from one aspect the present invention provides
apparatus for transforming electromagnetic radiation at a
first frequency v, to electromagnetic radiation at a second
frequency v,, said apparatus comprising:

a semiconductor intersubband laser operable to lase to
generate electromagnetic radiation at a third frequency v
and

a radiation guide operable to direct electromagnetic radia-
tion at said first frequency v, into said semiconductor
intersubband laser;

whereby, 1n operation, said electromagnetic radiation at
said first frequency v, and said electromagnetic radiation at
said third frequency v, undergo coherent frequency mixing
within said semiconductor intersubband laser to generate
said electromagnetic radiation of said second frequency v,
v, being v, +nv; with n being a non zero integer.

The present mvention recognizes that a semiconductor
intersubband laser 1s able to provide the electron energy
level structure required to obtamn wavelength shifting
together with one of the electromagnetic radiation fields in
the form of the laser light of that laser itself Accordingly, the
additional components needed for wavelength shifting are
substantially only the incident electromagnetic radiation of
the first frequency that can be passed into the semiconductor
intersubband laser. This makes wavelength shifting a prac-
tical and economical possibility using what may be only a
simple two-terminal device 1n the form of a semiconducter
intersubband laser. The wavelength shifting occurs as an
optical process without the need to convert into an electrical
signal thereby avoiding the processing bottlenecks associ-
ated with conversions into electrical signals. The frequency
mixing that occurs within the semiconducting intersubband
laser 1s a coherent process and accordingly lends itself to
coherent communication schemes. The wavelength shait
induced (“channel separation™) can be tuned by varying the
intersubband gap using known quantum well techniques to
suit the particular requirements. The wavelength can be both
increased and decreased as n can be both positive and
negative. It 1s also possible to modulate the sidebands using
amplitude modulation or frequency modulation as an addi-
tional way of imparting information onto the optical signals.

It will be appreciated that the semiconductor intersubband
laser could have various different forms. However, a quan-
tum cascade laser 1s particularly well suited for this use in
view of 1ts high efliciency and the ability to engineer its
photon energy.

A problem that reduces the intensity of the sideband
radiation 1s 1t this may be absorbed within the semiconductor
intersubband laser. The amount of wavelength shifted elec-
tromagnetic radiation emerging from the mtersubband laser
can be improved by using a mirror to reflect electromagnetic
radiation back out of the semiconductor intersubband laser.

The mirror preferably abuts a face of the semiconductor
intersubband laser and may have the form of a multilayer
Bragg reflector upon which the semiconductor intersubband
laser 1s formed (grown).

The radiation guide for directing the electromagnetic
radiation of the first frequency into the semiconductor
intersubband laser could take various different forms. A
particularly well suited form 1s an optical fiber, although a
suitable lens and free transmission arrangement would be
possible.

If an optical fiber 1s used as the radiation guide, then this
may be conveniently butt coupled to the semiconductor
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intersubband laser and used to collect the electromagnetic
radiation at the second frequency as well as inject the
clectromagnetic radiation at the first frequency.

As previously mentioned, modulation may be applied to
the semiconductor intersubband laser to modulate the wave-
length shifted light both in amplitude (including simply on
and ofl) and 1n frequency. The current flow through the
semiconductor intersubband laser alters 1ts refractive index
which in turn alters the wavelength of the electromagnetic
radiation of the third frequency and consequently also the
wavelength of the electromagnetic radiation at the second
frequency.

In the context of frequency modulation, 1t 1s desirable that
the semiconductor intersubband laser should include a dis-
tributed feedback grating to constrain the third frequency to
avoid this becoming unstable.

Whilst the system may operate over a considerable range
of frequencies, preferred frequencies are ones in which the
clectromagnetic radiation of the first 1s frequency 1s near
inirared radiation and the electromagnetic radiation of the
third frequency 1s infrared radiation.

The efliciency of the wavelength shifting 1s strongly
enhanced when the electromagnetic radiation of the first
frequency and the electromagnetic radiation of the second
frequency are both substantially resonant with electron
transitions within the semiconductor intersubband laser.

As previously mentioned, the present invention i1s par-
ticularly useful 1n providing a multiplexer for use 1n wave-
length division multiplexing systems or an amplitude or
frequency modulator for optical signals.

Viewed from another aspect the invention provides a
method of transforming electromagnetic radiation at a first
frequency v, to electromagnetic radiation at a second {re-
quency v, said method comprising the steps of:

generating electromagnetic radiation at a third frequency
v, with a semiconductor intersubband laser; and

directing electromagnetic radiation at said first frequency
v, 1nto said semiconductor mntersubband laser;

whereby, 1n operation, said electromagnetic radiation at
said first frequency v, and said electromagnetic radiation at
said third frequency v; undergo coherent frequency mixing
within said semiconductor intersubband laser to generate
said electromagnetic radiation of said second frequency v,
v, being v,+nv; with n being a non zero integer.

Embodiments of the mnvention will now be described, by
way ol example only, with reference to the accompanying
drawings in which:

FIG. 1 schematically illustrates the electron energy levels
and transitions within a semiconductor intersubband laser:;

FI1G. 2 schematically 1llustrates the electron energy levels
and transitions within a quantum cascade laser;

FIG. 3 illustrates a semiconductor intersubband laser
operating as a wavelength shifting device;

FIGS. 4A—4C illustrate three alternative ways 1n which
light may be coupled in and out of a semiconductor inter-
subband laser;

FIG. $ illustrates input and output spectra;

FIG. 6 illustrates modulation applied to the system:;

FIG. 7 illustrates the effects of modulation; and

FIG. 8 schematically illustrates a wavelength division
multiplexed optical communication system.

FIG. 1 shows the energy level structure within a semi-
conductor intersubband laser. Intersubband lasing transi-
tions occur between the energy levels 2 and 4. These may
typically yield output light of a wavelength of 10 um. The
energy diflerence between the energy levels 2 and 4 1s E,;

which corresponds to photon frequencies of a third fre-
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quency v,. In operation, when the semiconductor intersub-
band laser 1s electrically driven lasing occurs due to an
clectron transition from the energy level 2 to the energy level
4. In the normal way, reflective end faces of the laser result
in electromagnetic radiation being trapped within the laser
body for multiple passes and yielding a high intensity of
electromagnetic radiation at the third frequency v,.

The semiconductor intersubband laser also provides an
clectron energy transition from an energy level 6 within the
valance band to the energy level 4 within the conduction
band. This transition, of energy E,, may typically be about
ten times higher in energy than the intersubband transition
and accordingly may have an associated wavelength of
approximately 1 um. This energy transition i1s not used
during the normal operation of an mtersubband laser. How-
ever, the present invention uses this transition to provide
frequency mixing between mput electromagnetic radiation
of a first frequency tuned to this transition with an energy E;
and the high intensity electromagnetic radiation of energy
E .., due to the lasing action described above. It will be seen
that the semiconductor mtersubband laser provides electron
transitions resonant with both the incident electromagnetic
radiation at an energy E, and the lasing electromagnetic
radiation at an energy E,,. The result of the interaction
within the semiconductor intersubband laser of these two
frequencies of electromagnetic radiation and the electron
energy level structure couples some energy 1nto electromag-
netic radiation sidebands at a second frequency v, corre-
sponding to an energy E,. This electromagnetic radiation
may be at a variety of different sideband frequencies repre-
sented by E,=E+nE ., wheren=...-2,-1,1,2....The
clectromagnetic radiation at the second frequency v, and
with the energy E,; 1s wavelength shifted from the incident
clectromagnetic radiation at the first frequency v and energy
E,. This wavelength shift 1s highly desirable and difficult to
achieve 1n other ways. In particular, converting the nput
light into an electrical signal and then generating a new
optical signal at a new wavelength 1s an alternative, but
significantly less attractive, proposition. The output electro-
magnetic radiation with an energy E,, 1s coherent with the
iput light giving the possibility for coherent communica-
tion systems and modulation techniques.

It will be appreciated that the efliciency with which light
1s moved 1nto the sidebands will vary depending upon the
particular circumstances and the degree of non-linear inter-
action that occurs. Whilst the absolute intensity of the
wavelength shifted light may not be high, it 1s a compara-
tively simple matter to optically amplity this wavelength
shifted light to a desired intensity. The number of sidebands
produced will similarly vary depending upon the particular
circumstances and way i1n which the system 1s driven. An
individual sideband may be what 1s desired for a particular
wavelength shift and this may be selected using appropriate
filters. Alternatively, some modulation techniques may uti-
lize all of the generated sidebands.

FIG. 2 1llustrates a quantum cascade laser electron energy
level structure. This quantum cascade laser can be seen to be
a form ol semiconductor intersubband laser in that 1t pro-
vides within each quantum well the structure 1llustrated in
FIG. 1. However, when a given intersubband transition has
occurred within the quantum cascade laser, the electron may
tunnel into the adjacent well where a further transition may
occur. This significantly increases the efliciency of the laser.

FIG. 3 illustrates the physical appearance of a semicon-
ductor intersubband laser 8. This semiconductor intersub-
band laser 8 1s formed upon a Bragg mirror 10 comprising
alternating layers of diflering refractive index. A distributed
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teedback grating 12 1s provided at one end of the laser 8 to
lock the laser to a specific range of lasing frequencies.

In operation, the laser 8 1s driven to lase at the third
frequency v,. Input light at the first frequency, 1s directed
into the laser 8 where it interacts with the lasing light at the
third frequency v, to yield wavelength shifted light v, within
sidebands of the incident light of the first frequency v, . This
wavelength shifted light v, 1s at one or more diflerent
frequencies that are integer multiple diflerences away from
the mput frequency v,.

FI1G. 4 1llustrates three alternative ways 1n which the input
light may be passed into the laser 8 and recovered from the
laser 8. In the example A, an optical fiber 14 1s butt coupled
to the laser 8 and passes light into the laser 8 as well as
collecting the wavelength shifted light from the laser 8 after
it has been retlected from the Bragg mirror 10. In the
example B, an optical fiber 16 passes the mput light into the
laser 8 and wavelength shifted light (as well as a consider-
able amount of the incident light) 1s collected out of the laser
8 by a second optical fiber 18. Example C illustrates 1mnput
light being passed by free transmission 1nto the laser 8 and
collected on the opposite side. This uses a combination of
optical fibers and lenses. It will be appreciated that other
light 1njection and collection geometrys would be possible.

FIG. 5 schematically illustrates the input and output
spectra from the laser 8. The input light 1s the electromag-
netic radiation of the first frequency v,. The output light
includes a dominant component at the input frequency v,
together with various sideband components at wavelength
shifted frequencies v.,. These wavelength shifted frequencies
are spaced by integer multiples of the lasing frequency v, of
the laser 8 away from the input frequency v,. The distribu-
tion profile of the intensity of the sidebands will vary
depending upon the particular driving conditions and other
properties of the system.

FI1G. 6 illustrates how the technique of the invention may
be used to provide modulation of an optical signal. Whilst
the laser 8 may be a simple two-terminal device connected
to a current source 20, the current passed through the laser
8 may be modulated to provide modulation control. The
modulation may simply switch on and off the lasing within
the laser 8 in a manner that switches on and ofl the light
within the sidebands. Alternatively, the light within the
sidebands may be modulated 1n intensity between non-zero
values by controlling the current through the laser to control
the lasing light intensity between non-zero levels.

A Turther possibility 1s the use of frequency modulation of
the sideband light. When the current through the laser 8
changes, the refractive index of the laser 8 changes. This
change in refractive mdex eflectively changes the cavity
length of the laser 8 and so alters the wavelength of the laser
light v,. Changing v, also changes the frequencies of the
sidebands. Accordingly, modulating the current through the
laser 8 can impart a frequency modulation upon the sideband
light v,. In this circumstance a distributed feedback grating
would not be used to lock the frequency v,.

FIG. 7 illustrates the different types of modulation that
can be applied to the sideband light at frequency v,. Ampli-
tude modulation, such as simple on/ofl modulation or ampli-
tude 1ntensity modulation between non-zero values may be
provided. Alternatively, the frequency of the sideband light
v, may be altered as described above to vield frequency
modulation.

FIG. 8 schematically illustrates a simple optical commu-
nications system that may employ wavelength division
multiplexing. The example uses a long distance portion 22
that 1s of a hugh capacity and uses light close to a frequency
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v, (e.g. 1.55 um) best suited for long distance propagation
(c.g. low absorption and dispersion). As this long distance
portion may be diflicult and expensive to duplicate (e.g. an
undersea cable), then one way of yielding more data band-
width from 1t 1s to use wavelength division multiplexing into
N channels around the frequency v;,. The devices of the
present mvention may be used in the wavelength shifting
needed to produce the wavelength divison multiplexing in
the long distance portion.

In a local area, less capacity may be required and a more
significant 1ssue may be reducing the cost of the local
system. Generally, equipment for transmitting and manipu-
lating light signals 1s less expensive for light of a shorter
wavelength (e.g. 0.8 um or 1.3 um). The light within the long
distance portion may be separated into different channels
using narrow line filters and then the devices of the present
invention used to wavelength shift these separated signals to
wavelengths more suited to the local transmission require-
ments. Whilst this wavelength shifting could be achieved by
transforming the long distances light pulses into electrical
signals and then using these electrical signals to generate
optical pulses at the different wavelength, this process is
fundamentally less attractive (e.g. inexpensive, tlexible, . . . )
than one that takes place purely in the optical domain.
Accordingly, the present invention provides the capability
for wavelength shifting the optical pulses from a wavelength
suited for long distance transmission to one wavelengths
used for local transmission. The multiplexer can be thought
of as serving to receive the iput pulses at the input
wavelength and then directing them into a different wave-
length channel as optical pulses at that diflerent wavelength.
The wavelength shifted pulses may require amplification
prior to transmission along their local path, but amplification
may be relatively readily provided 1n the optical domain.

What 1s claimed 1s:
1. Apparatus for transforming electromagnetic radiation at
a first frequency v, to electromagnetic radiation at a second
frequency v,, said apparatus comprising;:
a semiconductor intersubband laser for generating elec-
tromagnetic radiation at a third frequency v,; and
a radiation guide for directing electromagnetic radiation at
said first frequency v, into said semiconductor inter-
subband laser, wherein said electromagnetic radiation
at said first frequency v, and said electromagnetic
radiation at said third frequency v, undergo coherent
frequency mixing within said semiconductor intersub-
band laser to generate said electromagnetic radiation of
said second frequency v,, wherein v, equals v,+nv,
where n 1s a non zero integer.
2. Apparatus as claimed 1n claim 1, wherein said semi-
conductor intersubband laser 1s a quantum cascade laser.
3. Apparatus as claimed 1n claim 1, further comprising a
mirror operable to retlect electromagnetic radiation directed
into said semiconductor mtersubband laser by said radiation
guide to pass out of said semiconductor intersubband laser.
4. Apparatus as claimed in claim 3, wherein said mirror
abuts a face of said semiconductor intersubband laser.
5. Apparatus as claimed in claim 3, wherein said mirror 1s
a distributed Bragg retlector.
6. Apparatus as claimed in claim 4, wherein said semi-
conductor intersubband laser 1s formed upon said mirror.
7. Apparatus as claimed in claim 1, wherein said radiation
guide 1s an optical fiber.
8. Apparatus as claimed in claim 7, wherein said optical
fiber 1s butt coupled to said semiconductor intersubband
laser.
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9. Apparatus as claimed 1n claim 1, wherein said electro-
magnetic radiation at said second frequency v, 1s output
along said radiation guide.

10. Apparatus as claimed in claim 1, wherein said elec-
tromagnetic radiation at said first frequency v, 1s transmitted
through said semiconductor intersubband laser to emerge
mixed with said electromagnetic radiation at said second
frequency v,.

11. Apparatus as claimed in claim 1, further comprising a
laser controller coupled to said semiconductor intersubband
laser and operable to amplitude modulate said electromag-
netic radiation at said third frequency v, so as to amplitude
modulate said electromagnetic radiation at said second fre-
quency Vv,.

12. Apparatus as claimed 1n claim 11, wherein said laser
controller amplitude modulates said electromagnetic radia-
tion at said third frequency v, by controlling current flowing
through said semiconductor intersubband laser.

13. Apparatus as claimed 1n claim 1, further comprising a
laser controller coupled to said semiconductor intersubband
laser and operable to frequency modulate said electromag-
netic radiation at said third frequency v, so as to frequency
modulate said electromagnetic radiation at said second ire-
quency V..

14. Apparatus as claimed 1n claim 13, wherein said laser
controller frequency modulates said electromagnetic radia-
tion at said third frequency v, by controlling current flowing,
through said semiconductor intersubband laser to alter a
refractive index of said semiconductor intersubband laser in
a manner that alters said third frequency vi,.

15. Apparatus as claimed 1n claim 1, wherein said semi-
conductor mtersubband laser includes a distributed feedback
grating to constrain said third {frequency vi,.

16. Apparatus as claimed in claim 1, wherein said elec-
tromagnetic radiation of said first frequency v, 1s near
inirared radiation.

17. Apparatus as claimed in claim 1, wherein said elec-
tromagnetic radiation of said third frequency v, 1s ifrared
radiation.
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18. Apparatus as claimed 1n claim 1, wherein said elec-
tromagnetic radiation at said first frequency v, and said
clectromagnetic radiation at said second frequency v, are
both substantially resonant with electron transitions within
said semiconductor intersubband laser.

19. A multiplexer for wavelength division multiplexing
signals propagating along an optical fiber, said multiplexer
including the apparatus of claim 1.

20. An amplitude modulator for amplitude modulating
clectromagnetic radiation, said amplitude modulator includ-
ing the apparatus of claim 1.

21. A frequency modulator for frequency modulating
clectromagnetic radiation, said frequency modulator includ-
ing the apparatus of claim 1.

22. A method of transforming electromagnetic radiation at

a first frequency v, to electromagnetic radiation at a second
frequency v,, said method comprising the steps of:

generating electromagnetic radiation at a third frequency
v, with a semiconductor intersubband laser; and

directing electromagnetic radiation at said first frequency
v, 1nto said semiconductor intersubband laser, wherein,
said electromagnetic radiation at said first frequency v,
and said electromagnetic radiation at said third fre-
quency v, undergo coherent frequency mixing within
saild semiconductor intersubband laser and generate
said electromagnetic radiation of said second frequency
v,, wherein v, equals v,+nv, where n 1s a non zero
integer.

23. A method of wavelength division multiplexing signals

propagating along an optical fiber, said method including the
steps of claim 22.

24. A method of amplitude modulating electromagnetic
radiation, said method including the steps of claim 22.

25. A method of frequency modulating electromagnetic
radiation, said method including the steps of claim 22.
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